be High temperature ferroelectrics for thermally stable devices that can detect pressure and temperature are of great industrial interest. Here we describe composites of lead titanate (PT) particle-polyetherimide (PEI) polymers with stable dielectric and piezoelectric properties over a broad range of temperature and frequency. The reported materials have a low dielectric loss (tan d B 0.001 at 1 kHz) and a high piezoelectric voltage coefficient of 100 mV m N À1 at record temperatures of 175 1C. We demonstrate that a small ceramic loading leads to a significant change in thermally stable piezoelectric behavior, while the processability as well as mechanical properties remain comparable to those of the neat polymer.
Introduction
High temperature piezoelectric materials for application in automotive, aerospace and energy production have been a growing area of research. [1] [2] [3] In automotive electronics, repeated thermal cycles up to 150 1C and temperatures as high as 500 1C are reported. 4 In the aerospace industry, structural health monitoring of the engines requires sensors to be as close as possible to the engine, leading to exposure to high temperatures. 5, 6 Moreover, exploration of new sources for clean energy, such as nuclear and wind power, as well as geothermal and electrical energy, has significantly motivated the development of high temperature electronic materials. 7 High temperature sensors for structure health monitoring can ensure enhanced lifetime and reliability, less maintenance and downtime, and can thus reduce the overall cost of renewable energy sources. 8, 9 Piezoelectric materials can also be used to harvest mechanical energy from mechanical strain or vibrations present in the environment. An example of energy harvesting under extreme conditions is in oil producing wells, where the ambient pressures may reach 200 MPa, and the temperature reaches 200 1C. In this case local power production is crucial, since transmitting power from the surface is complicated, due to the difficulty in making reliable electrical connections in harsh environments. 10 The use of piezopolymers in those applications is limited by their low operating temperatures. Polymer composites, however, have broader potential applications due to their excellent property tunability. Piezocomposites have been reported to be excellent sensing devices at room temperature offering a wide range of properties. However their usage in high temperature applications has been limited, due to the reduced sensing capability of piezoceramics at elevated temperatures, increased conductivity and mechanical attenuation, as well as variation of the piezoelectric properties of the ceramic phase with temperature. 11, 12 Ferroelectric materials get depolarized and lose piezoelectricity above their respective Curie temperatures (T c ). Moreover the low glass transition temperature and high thermal expansion of the a Materials and Structures Research Center (MAST), Department of Mechanical polymer matrix limit the operational temperature range of piezocomposites. 13, 14 To overcome this problem piezoceramics with a high Curie temperature can be embedded in high temperature polymers. In practice, the operating temperature must be substantially below the Curie temperature of the piezoceramic phase, in order to minimize thermal aging and property degradation. Amorphous aromatic polyimides, as a class of high-performance polymers, are interesting candidates for the applications mentioned above. [15] [16] [17] [18] [19] Growing interest in viable, multifunctional and lightweight materials for demanding space applications has led to the development of a new series of such polymers 15, 17, 20 with superior mechanical, chemical and electrical properties. Some of the polymer systems in this family have been reported to show insignificant piezoelectric properties. 15, 16 One of the most widely reported piezo polyimides is a polymer containing a single nitrile group, (b-CN)APB/ODPA. As opposed to the well-known semicrystalline PVDF polymer family, the high temperature performance of this polyimide allows these films to retain 50% of the room temperature remnant polarization at temperatures up to 150 1C. 16 However, the remnant polarization of this system is very low, 14 mC m À2 , when poled at 100 kV mm À1 , for 1 h above T g . Therefore, the piezoelectric charge coefficient of this polyimide is much lower than that of PVDF. 15, 16 Limited chain mobility in the imidized film restricts the preferential alignment of the dipoles upon application of an electric field. To solve this problem, new polymers have been synthesized, with different types and concentrations of the polar groups. 18 Despite the interesting research outcomes, the polyimide systems exhibit very low piezoelectric responses that are not high enough to attract commercial interest. 15, 17, 18, 21 The effect of processing parameters such as curing and poling conditions has also been investigated. The partially cured, corona poled polymers exhibited improved remanent polarization. 21 In a more recent work in situ poling and imidization of partially cured (b-CN)APB/ODPA were investigated to maximize the degree of dipolar orientation. 15 It has been shown that polyamic acid exhibits higher net dipole moment than the fully imidized polymer. 15, 17, 18 To overcome these limitations, and to achieve adequate combinations of mechanical, thermal and functional properties ferroelectric ceramic particles are embedded within a polyimide polymer. Structuring the ceramic particles into a chain form configuration, by means of dielectrophoresis (DEP), has been previously reported to improve the dielectric and piezoelectric properties of piezocomposites in various polymer systems. 13, 22, 23 In this work, processing of high temperature lead titanatepolyetherimide composites is presented. Among various kinds of commercially available ferroelectric ceramics for sensing, lead titanate (PT) is chosen based on the high Curie temperature of 490 1C, large spontaneous polarization and a small relative dielectric constant. 2, 24, 25 2 Experimental procedure
Composite manufacturing
Polyetherimide polymers (PEI) are conventionally synthesized in two steps including precursor (polyamic acid (PAA)) formation followed by thermal imidization. The first step of preparation of PAA comprises the reaction of an aromatic diamine with an aromatic dianhydride in aprotic polar solvents. The scheme is shown in Fig. 1a . The PAA precursor in the current work was prepared via a solution of 4,4
The thermal properties of the films were determined by Thermogravimetric Analysis (TGA), using a Perkin Elmer Pyris Diamond, as well as Differential Scanning Calorimetry (DSC), using a Perkin Elmer Sapphire DSC. Samples were heated at a rate of 20 1C min À1 under a nitrogen atmosphere to 550 1C. Dynamic Mechanical Thermal Analysis (DMTA) was performed in the tensile mode, at a frequency of 1 Hz and a heating rate of 2.0 1C min
À1
, using films of approximate dimensions of 20 Â 3 Â 0.005 mm.
Lead titanate (PT) ceramic powder, purchased from Sigma Aldrich, was calcined at 800 1C for 2 h to develop single phase tetragonal PbTiO 3 as shown in Fig. 1a . The agglomerated powder was then dry-milled, using 5 mm zirconium balls for 2 h in a single G90 jar mill. The particle size distribution of milled powder in an aqueous solution with 10% isopropyl alcohol, measured using a Beckman Coulter LS230 laser diffraction analyzer was found to be d(50) = 3 mm. The powder was stored in a vacuum drying oven at 120 1C for 24 h prior to the experiment to avoid moisture absorption. The dried PT powder was predispered in NMP (Fig. 1a) , stirred for 1 h, and added to polyamic-acid. The mixture was cast on an aluminum foil using a doctor blade, with an initial film thickness of 600 mm (Fig. 1b) . Structuring of the particles in the polyamic-acid polymer was realized by a dielectrophoresis process, in which an electric field of 2 kV mm À1 and a frequency of 2 kHz was applied to the composite medium of particles dispersed in PAA, using a function generator (Agilent, 33210A) coupled to a high voltage amplifier (Radiant Technologies Inc., T6000HVA-2) at room temperature (RT) for 1 h in an Argon purged oven as shown in Fig. 1b . Once the structuring of the particles was realized, as shown in Fig. 1b , the film was dried at 60 1C for 1.5 h under the same atmosphere and electric field. The randomly dispersed samples were obtained by the process described above, only without applying an electric field by oven curing at 60 1C for 1.5 h, using inert Argon gas as the surrounding medium. The free standing films were then removed and cut into discs of 7 mm diameter. Au electrodes were sputtered on the samples, and they were poled at 150 1C for 30 min with an electric field of 20 kV mm À1 . The poled films were then imidized in a vacuum oven at 200 1C and 300 1C, each for 1 h. The resulting flexible films have a fully imidized chemical structure as shown in Fig. 1c .
Measurement procedure
Novocontrol Broadband Dielectric Spectroscopy (BDS) is used in conjunction with a Cryostat high temperature sample cell and and an Aginlent E4991A impedance analyzer at 1 V and 1 kHz to measure the dielectric properties as well as electrical conductivity of the polymer films. The dielectric constant of the composites was determined by the parallel plate capacitor method using an Agilent 4263B LCR meter at 1 V and 1 kHz. Fig. 2 . The sample was placed on a copper electrode and heated uniformly using two integrated programmable heaters. The fixture was thermally insulated using Kapton foils, and the set-up was calibrated using reference PZT ceramics with known properties. It has to be noted that the maximum test temperature is above the advised operating temperature of the set-up. Static uniaxial tensile tests were performed using an Instron 3369 tensile testing machine with a 50 N static load cell (62 291) with a speed of 0.1 mm min À1 at 20 1C. Five samples having approximate dimensions of 40 Â 6 Â 0.045 were tested and their average properties were calculated.
3 Results and discussion
Microstructure analysis
The effect of DEP structuring on the SEM microstructures of the 20% PT-ODPA/ODA composite samples is shown in Fig. 1b and c. PT particles are homogeneously dispersed in the random composite, and no sign of sedimentation is observed. It can be seen that during dielectrophoresis, ceramic particles form chain-like structures along the applied electric field direction. The chain-like particle assembly takes place as a result of attractive forces in the regions of the highest electric field gradient, as we have shown before computationally. 29 The degree of alignment which affects the final dielectric and electroactive properties of the composites depends on the force acting on the particles, as a consequence of the imposed electric field. 
Thermo-mechanical analysis
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PT particles, which limits the segmental movement of the polymer. 32 
Dielectric and piezoelectric analysis
The dependence of dielectric permittivity and electrical resistivity of fully imidized ODPA/ODA (PEI), as well as partially imidized ODPA/ODA (PAA) on frequency and temperatures is presented in Fig. 4 . The permittivity of all the samples decreases with frequency ( Fig. 4a and b) , but the decreasing degree of the partially imidized ODPA/ODA is much higher than that of the fully imidized ODPA/ODA as shown by Ding et al.
33
For the fully imidized polymer at temperatures below T g the polymer shows a stable dielectric behavior 34 with dielectric permittivity values ranging from 3.3 to 3.4 (Fig. 4a) . Increasing the frequency from 1 MHz to 100 Hz results in a slight decrease in permittivity, which can be attributed to the dipolar dispersion. In other words dipoles gradually cannot follow the applied external field as the frequency increases. 30, 35, 36 As the temperature approaches the glass transition temperature of fully imidized ODPA/ODA (260 1C) the dielectric permittivity increases due to the enhanced dipole motion. 37, 38 At low temperatures mainly electronic and atomic polarizations contribute to the permittivity. 36 Similar behavior has been reported for (b-CN) APB/ODPA polyimides. 20 The partially imidized ODPA/ODA film shows a higher dielectric permittivity than the fully imidized ODPA/ODA film, as PAA possesses more polar groups (-COOH) than PEI, as shown in Fig. 1a . Furthermore a more significant frequency dependent permittivity behavior is observed for partially imidized ODPA/ODA (Fig. 4b) . The increase of dielectric permittivity at low frequencies can be contributed to higher interface polarization. 39 The structures of dianhydrides have been shown to influence the dielectric properties, since ketone (benzophenone) groups are easily polarized in the electric field. 40 The resistivity plots ( Fig. 4c and d) show that the electrical conductivity of partially imidized ODPA/ODA at 100 1C is more than two orders of magnitude higher than that of fully imidized ODPA/ODA at this temperature. This is in agreement with the results of Park et al., who investigated the effect of processing parameters such as curing conditions on (b-CN) APB/ODPA systems. 15 It has been shown that the partially cured (b-CN)APB/ ODPA, in other words polyamic acid, exhibits a higher net dipole moment than the fully imidized polymer. The lower resistivity of the partially imidized ODPA/ODA (Fig. 4d) facilitates efficient poling of the embedded ferroelectric PT particles. During poling, the mobility of charges in the polymer matrix is a key parameter in defining the final poling efficiency. As the dielectric permittivity of PT is much higher than that of the polymer matrix 41 the charge relaxation time is mainly governed by the electrical conductivity of the matrix. The higher conductivity of the partially imidized ODPA/ ODA shortens the time required for the electric field acting on the ceramic inclusion to reach saturation, thereby making the poling of the ceramic phase more efficient. 42, 43 Moreover it eliminates the need to use conductive fillers such as single-wall carbon nanotubes (SWNTs) that have been reported to enhance the poling efficiency of (b-CN) APB/ODPA polyimides due to better dipolar alignment with the poling field. 20 tan d, as an indication of dielectric loss angle, is 0.001 and 0.02 for fully imidized and partially imidized ODPA/ODA films at 20 1C and 1 kHz, respectively. Increasing either temperature or frequency would increase the dielectric loss, as expected and reported. 34 High electrical resistivity of fully imidized ODPA/ODA shows the good insulation performance of these materials. The effect of DEP structuring on the dielectric constant of 10%, 20% and 30% PT-ODPA/ODA composites is shown in Fig. 5a . The experimental data for random composites are fitted to Yamada's model, using an n value of 5. 44 The composite is assumed to be a uniform distribution of ellipsoidal particles in an isotropic polymer matrix. The dielectric constant of the composite in the poling direction is given by
where e is the dielectric constant, and f is the volume fraction of the ceramic phase. The subscripts c, m, and random refer to the ceramic, polymer matrix and 0-3 composite properties, respectively, and n is the inverse of the depolarization factor for an ellipsoidal particle in the direction of the applied electric field.
Dielectric properties of the structured composites are fitted to Bowen's model 22 as shown in Fig. 5a . According to this model, the composite is considered as a collection of particles aligned as chain-like structures along a specific direction separated by polymer gaps. The equation for the dielectric permittivity for such a composite is as follows:
where e strcutured is the dielectric constant of dielectrophoretically structured 1-3 composites, and R is the ratio of average particle size to the effective interparticle distance, which influences the fraction of the applied electric field acting on the ceramic particles. The value of R obtained for the best fit of the experimental data to Bowen's model was 10.
The influence of DEP structuring on piezoelectric charge constant, d 33 , of the composites is shown in Fig. 5b , where the experimental d 33 values of random and structured 10%, 20% and 30% PT-ODPA/ODA composites are compared with the predictions of Yamada's and van den Ende's models. 13 According to Yamada the piezoelectric charge constant, d 33 , of the composite in the poling direction is given by
where a is the poling ratio of the ceramic particles. The other parameters were introduced earlier using eqn (1). The best fit of the experimental data to the model predictions was obtained for n = 5 and a = 1, which is an indication of high poling efficiency attributed to the relatively low electrical resistivity of the partially imidized ODPA/ODA. The model proposed by van den Ende et al. 23 is applied to the structured composites. This model is an extension of Bowen's model, 22 in which the d 33 values of composites are obtained by modeling the particle-matrix sequences in the chains as two capacitors in series in the electrical domain, and two springs in 
where Y m and Y c are elastic moduli of the polymer matrix and that of the ceramic in the direction of chains, respectively, while R is the ratio of average particle size to the effective interparticle distance in the direction of the electric field. As shown in Fig. 5b , the values for both 0-3 and 1-3 composites match reasonably well to the models. The best fit of the model to the experimental data was obtained for an R of 10 which is in great agreement with the value of R obtained for the dielectric constant data. The interfacial interaction between the ceramic particles and the polymer influences the final dielectric and piezoelectric properties of the composite materials. 45 The dielectric constant and piezoelectric charge constant of a composite are determined for understanding the nature of the interactions between the constituents of the composite. Lack of interfacial adhesion between the ceramic particles and the polymeric matrix would result in a decrease in the dielectric constant and piezoelectric coefficients of the composite materials. 46, 47 Analytical models used in this work account for ceramicpolymer interaction as well as size and shape of the constituent particles. The good agreement between the experimental data and predictions of the model is an indication of good interfacial adhesion and pore free interfaces, which is confirmed by SEM microstructures (as shown in Fig. 1c) . It is observed that PT particles are fully encapsulated by the polymer, while aligning in the direction of the applied electric field in structured composites. Thus interface porosity has not been observed in either of the random and structured composites. The d 33 values of 20% and 30% PT-ODPA/ODA composites are tested as a function of temperature, as shown in Fig. 6 . A remarkably stable behavior is observed over the temperature range from room temperature to 175 1C. Furthermore, the room temperature d 33 value can be retained upon cooling back. This stability is caused by the thermally stable dielectric and piezoelectric properties of the high T c lead titanate, 48 as well as stable dielectric properties of the ODPA/ODA composites in this temperature range, as shown in Fig. 6 . Similar behavior has been reported for other PEI polymers. 48 as well as stable dielectric properties of ODPA/ODA, which remain nearly independent of frequency in this temperature range, as shown in Fig. 6b . Piezopolymers such as poly(vinylidene fluoride) and poly(vinylidene fluorideco-trifluoroethylene) (P(VDF-TrFE)) show a rapid decrease above 100 1C operating temperatures. 50 
Conclusions
This paper demonstrated the synthesis and characterization of novel high temperature piezoelectric composites by means of dielectrophoresis structuring. Fully imidized PT-ODPA/ODA composites, prepared by solution casting, show thermally stable dielectric and piezoelectric properties in the temperature range from 25 1C to 175 1C. Thermally stable functional properties of the high T c lead titanate, 48 as well as stable dielectric properties of the fully imidized polyetherimide polymer matrix result in an improved temperature functionality of these high performance composites. The uniqueness of the presented composite manufacturing technique lies in the process design based on the molecular structure of the polymer matrix. Firstly the ODPA/ODA polymer matrix is only partially imidized to maintain relatively high dielectric permittivity and electrical conductivity, due to the polar structure, to achieve high poling efficiency. Once the composites are fully poled, the matrix is fully imidized 300 1C. Upon full imidization the imide rings completely close, resulting in a thermally stable polymer with a very low dielectric loss. Therefore, composites of PT-PEI are shown to maintain more than 85% of room temperature piezoelectric sensitivity up to 175 1C, showing great potential for high temperature sensing and mechanical energy harvesting.
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